Antibodies were generated against the positively charged chair-like glycosidase inhibitor nojirimycin by in vitro immunization. A number of catalytic antibodies were isolated, one of which catalyzes the hydrolysis of p-nitrophenyl ␤-D-glucopyranoside 3 with a rate enhancement (k cat ͞k uncat ) of 10 5 M over the HOAC-catalyzed reaction. The antibody discriminates modifications in the pyranoside ring of substrate 3 at the C2, C4, and the anomeric positions. The pH dependence of the reaction and chemical modification studies suggest the presence of an active-site Asp or Glu residue that may function as a general acid. This study further defines those requirements necessary to generate antibodies that efficiently cleave glycosidic bonds.
The development of biological catalysts that selectively cleave or form glycosidic bonds would contribute enormously to our ability to chemically manipulate the structures of carbohydrates (1) . In addition, mechanistic and structural studies of these catalysts might provide new insights into the chemical requirements for this important transformation. One approach to this problem has been to exploit the structural diversity of the immune system to produce selective antibody (Ab) catalysts (2) (3) (4) (5) (6) . This requires strategies for programming the combinatorial processes of the immune response with mechanistic information relating to the glycosidic bond cleavage reaction. Early efforts in this regard focused on cyclic acetals as substrates and antibodies that were generated to positively charged or conformationally restricted analogues of the oxocarbenium ion intermediate (7) (8) (9) . The resulting antibodies accelerated the hydrolysis reaction (k cat ͞k uncat ) from 100-to 1,000-fold.
More recently, five-membered ring iminocyclitols (hapten 1) were used as transition-state analogues for the hydrolysis of aryl glucopyranosides and galactopyranosides ( Fig. 1) (10, 11) . The pyranose ring is thought to have a half-chair conformation in the transition state for glycosidic bond cleavage (12) (13) (14) (15) (16) (17) (18) . Another distinctive feature of the transition state is the development of partial positive charge at the anomeric position. These structural and electronic features are both mimicked to some degree by the pyrrolidine ring of compound 1 (19) . Antibodies specific for 1 catalyzed the hydrolysis of aryl pyranosides by a factor of roughly 10 4 over the uncatalyzed reaction (10, 11) . To further investigate those structural features in a hapten that result in efficient antibody glycosidases, we have generated antibodies to a derivative of the natural glycosidase inhibitor nojirimycin ( Fig. 1) (20, 21 In Vitro Immunization and Hybridoma Production. Mouse spleen cells were isolated from an unprimed 10-week-old female BALB͞c mouse and cultured in HY medium (DMEM supplemented with oxaloacetate, pyruvate, and insulin; Sigma) containing 10% fetal bovine serum (GIBCO͞BRL) and supplemented with 20 g (67 M) of unconjugated hapten 2 for 3 days at 37°C in an atmosphere of 5% CO 2 ͞95% air (22) . The cells were then fused with 10 7 P3X 63 Ag8.653 cells (American Type Culture Collection, CRL 1580) by using PEG (Sigma; molecular weight cut-off, 1,500) (23) . The fused cells were selected in HY͞10% fetal bovine serum medium supplemented with hypoxanthine͞aminopterine͞thymidine (Sigma) for 15 days and subsequently grown in medium supplemented with hypoxanthine͞thymidine (Sigma). Supernatants from the cloned hybridoma cell lines were then screened for binding to hapten 2 by antigen-capture ELISA as described by Hornbeck (24) . Unconjugated hapten 2 (10 M) in 10 mM sodium phosphate͞150 mM NaCl, pH 7.2 (PBS), was incubated in a 96-well ELISA plate at room temperature for 2 h, followed by blocking with 0.05% Tween 20. The supernatant from each hybridoma cell line was then added and the solutions were incubated overnight. The wells were then washed and incubated for 2 h with alkaline phosphatase-conjugated goat anti-mouse IgG (Sigma), followed by the addition of pnitrophenyl phosphate (Sigma). Absorbance (405 nm) of individual wells was measured by using a Molecular Device UV Max ELISA reader. Approximately 10 7 cells were injected into pristine-primed 12-week-old BALB͞c mice to generate ascites fluid.
Ab Purification. Ascites fluid (5-10 ml) was diluted with the same amount of binding buffer (1.5 M glycine͞3.0 M NaCl, pH 8.9), filtered, and centrifuged to remove impurities. The crude Ab solution was applied to a protein G-agarose affinity chromatography column (1 cm ϫ 4 cm). After washing with 10 vol of binding buffer, the Ab was eluted (2-ml fractions) with elution buffer (0.1 M glycine, pH 2.5), and the resulting eluant was neutralized with collection buffer (1.0 M Tris, pH 10.0). The eluted Ab was dialyzed into 50 mM Mes (pH 5.5) and further purified by ion-exchange chromatography using the cation-exchange resin SP-Sepharose (HiLoad 16͞10; Pharmacia) as the stationary phase. For the mobile phase, buffer A (50 mM Mes, pH 5.5) and buffer B (50 mM Mes͞1.0 M NaCl, pH 5.5) were used. Ab usually eluted at 30-35% buffer B and the purified Ab was then dialyzed into storage buffer (1.0 M sodium phosphate͞150 mM NaCl/ 0.02% NaN 3 , pH 7.0).
Catalytic and Assays. Initial screening for catalysis was carried out as follows: to 90 l of Ab solution (2-3 mg͞ml) in reaction buffer (10 mM Mes͞100 mM NaCl, pH 4.5) was added 10 l of 20 mM substrate stock solution to afford a final concentration of 2.0 mM substrate. The following six substrates were used: pnitrophenyl ␣-and ␤-D-glucopyranoside, p-nitrophenyl ␣-and ␤-D-galactopyranoside, and p-nitrophenyl ␣-and ␤-mannopyranoside (Sigma). The assay mixture was incubated at 37°C and product conversion was measured by injecting 15-l aliquots of the reaction mixture onto an HPLC and monitoring at 315 nm. A C 18 column (Microsorb; 4.6 mm ϫ 15 cm, 5 m) was used as the stationary phase and 45% aqueous acetonitrile was used as the mobile phase. The amount of p-nitrophenol (4.0-min retention time at a flow rate of 0.8 ml͞min) was determined by integration. Kinetic data was collected under conditions where less than 1% of the substrate was converted to the product by using low concentrations of Ab (0.1-0.2 mg͞ml). To determine values of K i (25), Ab solutions (80 l) were mixed with hapten 2 dissolved in dimethyl sulfoxide (10 l) and incubated for 5 min at room temperature. To the resulting solution, a stock solution of substrate 3 (10 l) was added and the resulting assay mixture was incubated at 37°C. The final Ab concentration was 0.5 M and the final substrate concentrations were 50 M and 25 M in 10 mM Mes͞100 mM NaCl͞10% dimethyl sulfoxide, pH 4.5. Background hydrolysis rates were measured under the same conditions used to assay Ab catalytic activity. Buffer salts included HCl͞acetate (10 mM), acetate (10 mM), Mes (10 mM), EPPS (N- [2- hydroxyethyl]piperazine-NЈ-[3-propanesulfonic acid]; 10 mM), and Bicine (N,N-bis[2-hydroxyethyl]glycine; 10 mM) for pH values of 2-3, 3-4, 4-7, 7-8, and 8-9, respectively. The ionic strength was adjusted to 100 mM NaCl.
Chemical Modification. To a stirred solution of Ab (0.1 mg͞ml), either in the presence or absence of hapten 2 (125 M), was added 200 vol of 0.4 M diazoacetamide solution (150 mM NaClO 4 ͞20 mM boric acid, pH 5.0) (26). The reaction was stirred for 8 h at room temperature, dialyzed into assay buffer (10 mM Mes͞100 mM NaCl, pH 5.5), and concentrated for catalytic assays as described above.
RESULTS AND DISCUSSION
Design Considerations. Glycosidic bond hydrolysis is catalyzed by several classes of relatively selective glycosidases. One of the most thoroughly characterized enzymes is hen egg-white lysozyme, which selectively hydrolyzes the linkage between C1 of N-acetylmuramic acid and C4 of N-acetylglucosamine (27) . Structural, mutagenesis, and kinetic isotope effect studies (12) (13) (14) (15) (16) (17) (18) 27) suggest that the transition state has a large degree of S N 1 character, with almost complete cleavage of the glycosidic linkage. As a result, partial rehybridization at C1 occurs, distorting the substrate into a half-chair conformation that resembles the high-energy oxocarbenium ion intermediate. The active-site residue Glu-35 in lysozyme has been proposed to facilitate the bond-breaking process by donating a proton to the glycosidic oxygen atom. In addition, van der Waals and electrostatic interactions with Asp-52 and other residues help stabilize the developing positive charge at C1 as well as the distorted conformation of the transition state. In contrast, the mechanisms of ␤-glucosidases are thought to be S N 2-like based on analogous studies (28, 29) and direct detection of an ␣-glucosyl-enzyme intermediate (21) .
Many reversible inhibitors have been designed to mimic the conformation or electrostatic character of the transition states of these glycosidases. In particular, ␦-gluconolactone, an inhibitor of lysozyme (K i ϭ 200 M), and ␦-gluconolactam, an inhibitor of sweet almond ␤-glucosidase B (K i ϭ 29 M), resemble the half-chair conformation but lack a positive charge (30, 31) . The cyclic amine inhibitors including 1-deoxynojirimycin (K i ϭ 18 M for sweet almond ␤-glucosidase), castanospermine, and australine rely on charge complementarity between the protonated nitrogen and negatively charged active-site carboxylates (20, 21) . However, evidence suggesting that the nonprotonated species may be the true inhibitory agents casts some uncertainty on the precise mechanism of inhibition (30) . The cyclic amidines (32) , which combine the half-chair conformation and positive charge, inhibit ␤-glucosidase with a K i of roughly 10 M. The short lifetimes of the latter at physiological pH preclude their use as haptens to elicit catalytic antibodies (ref. 33 and J.Y., L. Hsieh and P.G.S., unpublished results).
To determine the degree to which charge complementarity alone can lead to antibodies with glycosidase activity, antibodies were generated to the simple N-benzylated 1-deoxynojirimycin derivative 2 (Fig. 1) . The ammonium ion might be expected to induce a negatively charged glutamate or aspartate side chain in the active site (34) that can either act as a general acid or electrostatically stabilize the incipient oxocarbenium Proc. Natl. Acad. Sci. USA 95 (1998) ion like transition state. The chair-like ring of compound 2 does not mimick a distorted half-chair transition state but does resemble the geometry of the pyranose substrates. The Nbenzyl substituent was chosen for synthetic ease as well as the fact that models indicate the aryl substituent can adapt the same relative position as that in ␤-D-phenyl glucopyranoside. Ab Generation and Screening. Hapten 2 was synthesized by the reaction of 1-deoxynojirimycin hydrochloride with 4-nitrobenzyl bromide in the presence of mild base. The hapten was then used to generate mAbs by using in vitro immunization techniques that eliminate the need to conjugate the hapten to a carrier protein (35, 36) . In the past we have attempted to generate catalytic antibodies by standard immunization methods with BALB͞c and Swiss Webster mice using the same hapten conjugated to a number of different carrier proteins through the reduced p-nitro substituent. This process repeatedly led to small numbers of hybridomas (less than five) that produced hapten-specific antibodies, none of which were catalytic. This same result was observed in the case of the iminocyclitol hapten 1. However, when hapten 1 was immunized in vitro, a significant number of hapten-specific hybridomas were isolated, some of which had significant catalytic activity (11) . Similarly, in vitro immunization with hapten 2 afforded roughly 20 hybridoma cell lines that produced Ab that specifically bound hapten as determined by ELISA, with a significant fraction having catalytic activity. Whether the difference between in vitro and in vivo immunization is associated with hapten conjugation or possible differences between the cellular processes involved in these immune responses is unclear at present.
Antibodies were purified both by affinity chromatography using protein G and cation-exchange chromatography, a process that we have found to effectively remove contaminating glycosidase activity. Because 1-deoxynojirimycin inhibits a broad range of glycoside-processing enzymes including ␤-glucosidases, ␣-glucosidases, and sucrase, a wide variety of reactions might be catalyzed by 1-deoxynojirimycin-specific antibodies. We therefore initially screened the antibodies for activity with p-nitrophenyl ␣-and ␤-D-glucopyranosides, pnitrophenyl ␣-and ␤-D-galactopyranosides and p-nitrophenyl ␣-and ␤-D-mannopyranosides. Catalytic activity was found in antibodies from 13 hybridoma cell lines, among which Ab 4f4f showed the highest level of activity and was, therefore, chosen for further study.
Catalytic Activity and pH Dependence of Ab 4f4f. Ab 4f4f displayed saturation kinetics and the Michaelis constants were determined in 10 mM Mes͞100 mM NaCl, pH 4.5. at 25°C (Fig.  2) . The rate constants for the H ϩ (k Hϩ ), and OH Ϫ (k OHϪ ) catalyzed reactions and the pseudo-first-order rate constant for the water (kЈ H 2 O ) catalyzed reaction were also determined:
, and kЈ
. Thus the value of k cat ͞kЈ H 2 O for the Ab-catalyzed reaction is 2.2 ϫ 10 5 . For comparison the value of k AcOH for the acetic acid catalyzed reaction is 2 ϫ 10 Ϫ8 M Ϫ1 ⅐min
Ϫ1
. Thus Ab 4f4f is an efficient catalyst for the hydrolysis of substrate 3 and has a V max roughly 10-fold faster than either Ab generated against the iminocyclitol hapten 1 (10, 11) ; the k cat ͞K m value of Ab 4f4f is almost 100-fold higher than that of the hapten 1-specific Ab 24 (11) . This result suggests that the positively charged ammonium ions in both haptens 1 and 2 play a key role in determining the catalytic activity of the resulting antibodies.
The pH dependence of the Ab-catalyzed reaction was examined by using two different substrates, p-nitrophenyl ␤-D-glucopyranoside 3 and p-nitrophenyl ␤-D-N-acetylglucosamide 8, between pH 4.0 and pH 8.0 (Fig. 3) . Ab 4f4f has a maximum value of k cat at pH 5.3 for substrate 3 and pH 4.6 for substrate 8. These values and the decline in k cat at higher pH values are consistent with the presence of an active site group such as a Glu, Asp, or His that is active in its protonated form (34) . Asp or Glu would likely be elicited in response to the positively charged ammonium ion of hapten 2. Indeed, it has been shown previously that a tertiary ammonium ion induces a negatively charged carboxylate in an Ab active site that acts Thus it appears that the Ab stabilizes all of the transition states to a similar degree via either electrostatic or hydrogen bonding interactions (37) but varies significantly in its interactions with recognition elements in the substrates. In general, Ab 4f4f binds the ␤-anomers with higher affinity than the corresponding ␣-anomers, suggesting that the N-benzyl group of hapten 2 may better overlap the ␤-nitrophenol isomer of the pyranoside ring. Neither anomer of p-nitrophenyl D-mannopyranoside showed detectable hydrolysis, suggesting that equatorial substitution at the C2 hydroxyl group is required. At the same time other equatorial substituents at C2 are tolerated as indicated by the fact that p-nitrophenyl ␤-2-N-acetyl-D-glucosamide is a reasonably good substrate. The fact that D-galactopyranosides are good substrates indicates that the relative configuration of the C4 hydroxyl group is not critical to catalysis (but does influence binding of substrate). However, substitution of the C4 hydroxyl with additional monomers resulted in a complete loss of catalytic activity; i.e., there was no detectable hydrolysis of either anomer of p-nitrophenyl ␤-D-cellobioside by Ab 4f4f. Thus it is likely that the substrates and hapten 2 are bound in an active site cavity, as is the case in many small molecule-Ab complexes (39) . However, there appears to be a relatively loose fit with many regions of the substrate perhaps due to the presence of active site water molecules or a relatively large degree of solvent accessibility.
Inhibition and Chemical Modification Studies. The glycosidase activity of Ab 4f4f toward substrate 3 was competitively inhibited by the addition of hapten 2 to the reaction. The K i value of 2 was determined to be 0.2 M in 10 mM Mes͞100 mM NaCl, pH 4.5, at 37°C. Thus, Ab 4f4f binds its hapten with considerably higher affinity than that of the most efficient catalytic antibodies (Ab 24, K i (compound 1) ϭ 380 M; Ab 21, K i (compound 1) ϭ 60 M) previously generated by in vitro immunization with iminocyclitol 1 (11) . Clearly there is not a direct correlation of rate enhancement with preferential binding of hapten 2 relative to substrate 3. This may reflect the role of an active-site carboxylate group as a general acid rather than acting to simply electrostatically stabilize the transition state.
To determine whether an aspartate or glutamate residue plays a role in catalysis, chemical modification experiments were performed with the carboxylate specific reagent diazoacetamide (26) . Ab 4f4f was treated with diazoacetamide in the presence and absence of 125 M hapten 2, followed by extensive dialysis and catalytic assays with substrate 3. Modification in the presence of hapten 2 resulted in a 3% loss in activity, but in the absence of hapten, 92% of the catalytic was destroyed. These results again suggest the presence of an active site carboxylate and are consistent with the pH-dependent behavior of the Ab-catalyzed reaction. Additional experiments including kinetic isotope effects experiments, structural studies, and mutagenesis studies are required to further define the mechanism of the glycosidic bond cleavage reaction. 
